Physical properties of SDSS satellite galaxies in projected phase-space by Pasquali, A. et al.
ar
X
iv
:1
90
1.
04
23
8v
1 
 [a
str
o-
ph
.G
A]
  1
4 J
an
 20
19
MNRAS 000, 1–24 (2018) Preprint 15 January 2019 Compiled using MNRAS LATEX style file v3.0
Physical properties of SDSS satellite galaxies in projected
phase-space
A. Pasquali,1⋆ R. Smith,2 A. Gallazzi,3 G. De Lucia,4 S. Zibetti,3 M. Hirschmann5
and S. K. Yi6
1 Astronomisches Rechen-Institut, Zentrum fu¨r Astronomie der Universita¨t Heidelberg, Mo¨nchhofstr. 12 - 14, 69120 Heidelberg, Germany
2 Korea Astronomy and Space Science Institute, 776, Daedeokdae-ro, Yuseong-gu, Daejeon 34055, Republic of Korea
3 INAF - Osservatorio Astrofisico di Arcetri, Largo Enrico Fermi 5, 50125 Firenze, Italy
4 INAF - Osservatorio Astronomico di Trieste, Via Tiepolo 11, 34131 Trieste, Italy
5 Sorbonne Universite´, UPMC-CNRS, UMR7095, Institut d’Astrophysique de Paris, 75014, Paris, France
6 Department of Astronomy and Institute of Earth-Atmosphere-Astronomy, Yonsei University, Seoul 03722, Korea
Accepted 2018 December 25. Received 2018 December 15; in original form 2018 August 8
ABSTRACT
We investigate how environment affects satellite galaxies using their location within
the projected phase-space of their host haloes from the Wang et al.’s group catalogue.
Using the Yonsei Zoom in Cluster Simulations, we derive zones of constant mean infall
time Tinf in projected phase-space, and catalogue in which zone each observed galaxy
falls. Within each zone we compute the mean observed galaxy properties including
specific star formation rate, luminosity-weighted age, stellar metallicity and [α/Fe]
abundance ratio. By comparing galaxies in different zones, we inspect how shifting the
mean infall time from recent infallers (Tinf < 3 Gyr) to ancient infallers (Tinf > 5 Gyr)
impacts galaxy properties at fixed stellar and halo mass. Ancient infallers are more
quenched, and the impact of environmental quenching is visible down to low host
masses (≤ group masses). Meanwhile, the quenching of recent infallers is weakly de-
pendent on host mass, indicating they have yet to respond strongly to their current
environment. [α/Fe] and especially metallicity are less dependent on host mass, but
show a dependence on Tinf . We discuss these results in the context of longer expo-
sure times for ancient infallers to environmental effects, which grow more efficient in
hosts with a deeper potential well and a denser intracluster medium. We also compare
our satellites with a control field sample, and find that even the most recent infallers
(Tinf < 2 Gyr) are more quenched than field galaxies, in particular for cluster mass
hosts. This supports the role of pre-processing and/or faster quenching in satellites.
Key words: galaxies: clusters: general – galaxies: evolution – galaxies: general –
galaxies: haloes – galaxies: stellar content
1 INTRODUCTION
It is now well accepted that environmental effects are acting
to transform galaxies in their morphology (Dressler 1980),
colours (e.g. Tanaka et al. 2004, Weinmann et al. 2006, Wein-
mann et al. 2009, Vulcani et al. 2015), atomic gas content
(Giovavelli & Haynes 1985, Chung et al. 2009, Jaffe´ et al.
2015, Jaffe´ et al. 2018), and their star formation rates (e.g.
Hashimoto et al. 1998, Domin´ınguez et al. 2002, Go´mez et al.
2003, Kauffmann et al. 2004, Poggianti et al. 2008, Balogh et
al. 2011, McGee et al. 2011, Hou et al. 2013, Lin et al. 2014,
Mok et al. 2014, Davies et al. 2016, Lofthouse et al. 2017).
⋆ E-mail: pasquali@uni-heidelberg.de
A variety of mechanisms whose efficiency is environmentally
dependent may be responsible for these transformations in-
cluding: ram pressure stripping (Gunn & Gott 1972), star-
vation (Larson et al. 1980, Balogh et al. 2000, Bekki 2009),
harassment (Moore et al. 1996, Moore et al. 1998, Gnedin et
al. 2004, Smith et al. 2010, 2012, 2015), and galaxy-galaxy
mergers (Barnes & Hernquist 1996). Until fairly recently,
many studies of galaxy environment have often focused on
the densest environments such as clusters. However, it is now
clear that the transformations can begin to occur in lower
density environments, and that galaxy colours and star for-
mation rates systematically vary with the density of their
environment over a density range from voids, to filaments
and walls, through groups, all the way up to cluster densities
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(Cybulski et al. 2014). Furthermore, thanks to the hierarchi-
cal manner in which structure growth occurs, many galaxies
which are members of clusters today may have previously
spent time in a group environment, and suffered group pre-
processing (Zabludoff & Mulchaey 1998, Balogh et al. 2000,
De Lucia et al. 2012, Hoyle et al. 2012, Vijayaraghavan &
Ricker 2013, Hirschmann et al. 2014), meaning they have
experienced both group and cluster environmental effects.
Recent studies have in fact revealed that galaxies in groups
are more deficient in atomic gas (Brown et al. 2017). By
stacking X-ray images of individual galaxies, Anderson et
al. (2013, 2015) have revealed that on average all galaxies
with masses down to ∼1010.5 M⊙ are surrounded by an ex-
tended X-ray emitting ionised gas that could give rise to
starvation or ram pressure.
When trying to understand the impact of environment
on galaxies, it is crucial to first control for the effect of galaxy
mass. This is because it is generally accepted that ‘mass
quenching’ is a crucial process controlling galaxy evolution.
It can be broadly understood in terms of the ‘halo quench-
ing’ process (Gabor & Dave´ 2015), where the gas in haloes
more massive than 1012 M⊙ is hindered from cooling as it be-
comes shock-heated (Birnboim & Dekel 2003; Dekel & Birn-
boim 2006). However, galaxy simulations tend to agree that
AGN feedback is an additional yet necessary process to keep
galaxies quenched over long time-scales (e.g. Granato et al.
2004, Bower et al. 2006). Galaxy mergers (Hopkins et al.
2006) and/or disk instabilities (Dekel et al. 2009) have also
been recognized as further quenching mechanisms. The ef-
fects of all these processes scale with galaxy mass, and thus
must be disentangled from the effects of environment. This
was clearly demonstrated in Peng et al. (2010), who showed
that galaxy colour is a function of both galaxy mass and
local environmental density, and by Pasquali et al. (2010),
who found that satellite stellar age and metallicity depend
on both galaxy mass and host halo mass.
When a galaxy first enters an environment of different
density (e.g. a field galaxy falls into the cluster), clearly we
should expect it to take a finite time for its new environ-
ment to take effect. Recently, the time it takes for galax-
ies to be fully quenched has been a subject of much dis-
cussion in the literature, with the general conclusion that
the transformation takes place over several gigayears (cf.
De Lucia et al. 2012, Wetzel et al. 2013, Oman & Hud-
son 2016, Hirschmann et al. 2014). Such long time scales
for environmentally-induced quenching are supported also
by the observations that the relation between the element
abundance ratio [α/Fe] and stellar mass is to a large extent
independent of galaxy hierarchy and halo mass, as we find
in Gallazzi et al. (2018, in prep). Simply measuring the lo-
cal environmental density may not provide all the relevant
information, as galaxy properties would be expected to vary
as a function of time spent in that environment. In other
words, at fixed environmental density, there will be some
galaxies that are very recent newcomers to that environ-
ment and whose properties may be much more shaped by
their previous environment. This issue may be more severe
in regions where there has been rapid recent growth, causing
the environment to be flooded by recent infallers. Ideally, we
would greatly benefit from being able to control for the ef-
fect of infall time - the time at which an object joined its
environment.
One promising tool that may allow us to have some
handle on the infall times of satellites into their current
host is through the use of phase-space diagrams, combin-
ing cluster-centric (or group-centric) velocity with cluster-
centric (or group-centric) radius. As a function of distance
alone, the infall time is poorly constrained. This is because,
in ΛCDM, typically the orbits of an infalling substructure
are very plunging and eccentric (Gill et al. 2005, Wetzel
2011). As a result, at a fixed radius inside a cluster there
may be objects falling in for the first time, combined with
objects that have been orbiting within the cluster for many
gigayears, creating a wide distribution of infall times. As
a consequence, any correlation that can be recognized be-
tween mean infall time and cluster-centric distance suffers
from a large scatter (see Gao et al. 2004, De Lucia et al.
2012). However, when cluster-centric distance is combined
with cluster-centric velocity (e.g. a phase-space diagram),
recent infallers to the cluster tend to shift to higher veloc-
ities than objects that have been in the cluster for some
time. Thus different regions of phase-space tend to be dom-
inated by objects with a narrower range of infall time. In
a 3D phase-space diagram (using the 3D cluster-centric ra-
dius and 3D cluster-centric velocity), different infall time
populations separate quite neatly (e.g. the left panel of Fig-
ure 2 of Rhee et al. 2017). Nevertheless, when we consider
observable quantities (line of sight velocity and projected
radius from the cluster), there is often much more mixing
of objects with differing infall times as a result of projection
effects. Despite this, the shape of the infall time distribution
systematically varies with location in projected phase-space
(Oman & Hudson 2016, see for example Figure 5 of Rhee
2017).
A number of authors have used phase-space diagrams as
tools to better understand galaxy evolution, including Ma-
hajan et al. (2011, star formation), Muzzin et al. (2014, high
redshift quenching), Herna´ndez-Ferna´ndez et al. (2014) and
Jaffe´ et al. (2015, gas fractions and ram pressure), Oman
& Hudson (2016, quenching timescales), Yoon et al. (2017,
ram pressure in Virgo), Jaffe´ et al. (2018, jelly fish galaxies
undergoing ram pressure). In this paper, in order to take
the next step forward, we will attempt to control for the
effect of galaxy mass and also galaxy environment, while si-
multaneously controlling for the effect of infall time of the
galaxies into their environment using projected phase-space
diagrams. Since it is impossible to assign each galaxy an in-
fall time, due to the mixing of infall times in each region
of a projected phase-space diagram, we will theoretically
define various zones in phase-space such that we can as-
sume, by comparison with cosmological simulations of clus-
ters and groups, that the mean of the infall time distribution
is changing systematically with zone. Then, by comparing
the population of galaxies in each zone, we can study how
galaxy mean, observed properties change as their mean infall
time shifts with zone. Our sample includes satellite galaxies
with masses varying from dwarfs to giants, and host haloes
with masses varying from large galaxies up to massive clus-
ters. By spectral fitting, we can study multiple properties
of our galaxies including luminosity-weighted age, specific
star formation rate, metallicity and α-abundances. Indeed
this paper represents the first attempt to investigate how all
of these properties vary as a function of galaxy mass, host
MNRAS 000, 1–24 (2018)
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mass while deliberately shifting the mean infall time of the
population in a systematic way.
In Section 2 we describe the group catalogue from which
our host and satellite samples are drawn, describe how spec-
tral fitting is conducted, and summarise the working sample.
In Section 3 we describe the cosmological simulations that
we compare with, and explain how we choose the different
zones in phase-space. In Section 4 we present our results for
how galaxy properties vary with zone and compare our sam-
ple of satellite galaxies with a field sample. We discuss and
interpret our results in Section 5, compute quenching time-
scales as a function of stellar and host mass, and comment
on possible indications of pre-processing. Finally, in Section
6 we summarise our results and draw conclusions.
2 DATA
2.1 Assessing galaxy environment
We used the galaxy group catalogue drawn from the Sloan
Digital Sky Survey Data Release 7 (SDSS DR7) by Wang
et al. (2014) following the procedure of Yang et al. (2007).
Briefly, the adaptive halo-based group finder developed by
Yang et al. (2005) was applied to all galaxies in the Main
Galaxy Sample of the New York University Value-Added
Galaxy Catalogue (Blanton et al. 2005) for DR7 (Abazajian
et al. 2009), which have an extinction corrected apparent
magnitude brighter than r = 17.72 mag, and are in the red-
shift range 0.01 ≤ z ≤ 0.20 with a redshift completeness
Cz > 0.7. This algorithm employs the traditional firedns-of-
firends method with small linking lengths in redshift space to
sort galaxies into tentative groups and estimate the groups’
characteristic stellar mass and luminosity. In the first itera-
tion, the adaptive halo-based group finder applies a constant
mass-to-light ratio of 500 hM⊙/L⊙ to estimate a tentative
halo mass for each group. This mass is then used to evalu-
ate the size and velocity dispersion of the halo embedding
the group, which in turn are utilized to define group mem-
bership in redshift space. At this point a new iteration be-
gins, whereby the group characteristic luminosity and stellar
mass are converted into halo mass using the halo occupation
model of Yang et al. (2005). This procedure is repeated until
no more changes occur in the group membership.
When applied to SDSS DR7, the adaptive halo-based group
finder delivers three group samples: sample I, which relies
only on those galaxies (593,736) with a spectroscopic redshift
measured by SDSS; sample II, which extends the previous
one by 3,115 galaxies with SDSS photometry whose redshifts
are known from alternative surveys; sample III, containing
an additional 36,602 galaxies without redshift because of
fiber collision, but which were assigned the redshift of their
closest neighbour (cf. Zehavi et al. 2002). In each group sam-
ple, galaxies are distinguished between centrals (the most
massive group members in terms of stellar mass M⋆), and
satellites (all other group members less massive than their
group central). Stellar masses have been calculated using the
relations between stellar mass-to-light ratio and colour from
Bell et al. (2003), while the dark matter masses Mh associ-
ated with the host groups have been estimated on the basis
of the ranking of both the group total characteristic luminos-
ity and the group total characteristic stellar mass (cf. Yang
et al. 2007 for more details). The two available Mh values
are reasonably consistent with each other (with an average
scatter decreasing from 0.1 dex at the low-mass end to 0.05
dex at the massive end), although More et al. (2011) showed
that stellar mass constrains Mh better than luminosity. The
method of Yang et al. (2007) is able to assign a value of
Mh only to galaxy groups more massive than ∼10
12 M⊙h
−1
and containing at least one member with 0.1Mr - 5logh ≤
-19.5 mag, where 0.1Mr is the galaxy absolute magnitude
in r band corrected to z = 0.1. For smaller haloes, Mh has
been extrapolated from the relations between the luminos-
ity/stellar mass of central galaxies and the halo mass of their
host groups, thus reaching a limiting Mh of ∼10
11 M⊙h
−1
(cf. Yang, Mo & van den Bosch 2008). As shown by Yang et
al. (2007), the typical uncertainty on Mh varies between ∼
0.35 dex in the range Mh = 10
13.5 - 1014 M⊙h
−1 and ∼ 0.2
dex at lower and higher halo masses.
For our analysis of the observed galaxy properties in
projected phase-space we made use of sample II, and halo
masses derived from the group characteristic stellar mass.
From sample II we extracted all galaxy groups with at least 4
members (the central galaxy plus three satellites). We choose
this minimum number of members in order to ensure that
our groups can truly be considered groups and not simply
pairs of interacting galaxies. Groups with 4 members may
have a less well determined centre and thus the projected
cluster-centric distances of their satellites may be more un-
certain. This mostly concerns the lower Mh haloes (10
12 -
1013 M⊙h
−1) where the fraction of satellites living in groups
with 4 members is 44% for 9 ≤ log(M⋆ M⊙h
−2) < 10, 59%
for 10 ≤ log(M⋆ M⊙h
−2) < 10.5 and 72% at higher stellar
masses. Nevertheless, we believe that increasing the galaxy
statistics by combining all groups in the low Mh range par-
tially mitigates the effect of an uncertain group centre on
our results, and we will show that trends with phase-space
zone still persist.
We used the spectroscopic redshifts of the satellites belong-
ing to the same group to derive their line-of-sight velocities,
and to compute the velocity dispersion along the line of sight
(σ) of their group using the standard unbiased estimator for
the variance. We also determined the peculiar line-of-sight
velocity of each satellite, |∆V|, as the absolute value of the
difference between its line-of-sight velocity and the mean of
the satellite line-of-sight velocities. The projected distance
of each satellite from the luminosity weighted centre of its
host group is given in sample II as Rproj in kpc h
−1. In addi-
tion, we calculated the group virial radius R200 (at which the
average group density is 200 times higher than the critical
density) using the relation (cf. Yang et al. 2007):
R200[kpc h
−1] =
258.1 × (Mh/10
12)1/3 × (Ωm/0.25)
1/3
(1 + zg)
(1)
where we assumed Ωm = 0.272 to be consistent with
the simulations described below. This allows us to normalise
each satellite’s projected group-centric distance by R200 (i.e
Rproj/R200). Combining this parameter with |∆V |/σ defines
the position of each satellite in the projected phase-space di-
agram of its host group. We note that Eq.(1) well reproduces
the virial radius of the simulated clusters described in Sect.
3. As we only ever see a component of a galaxy’s true veloc-
ity, or true group-centric distance, down our line-of-sight, the
MNRAS 000, 1–24 (2018)
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projected position has to be considered a lower limit on the
true 3D position (based on the galaxy’s 3D group-centric dis-
tance and velocity). We restrict our sample to only include
satellites that fall within their host’s virial radius in pro-
jected distance. By only considering satellites that are quite
close to their host, we can expect stronger environmental ef-
fects. Also, in this way we can limit the contamination from
interlopers (galaxies that are not associated with the cluster
but are merely projected onto it) on our results. Beyond one
virial radius, interlopers begin to dominate over the cluster
population, but inside the zones in phase-space that we con-
sider (see Sect. 3.1), the interloper fraction is never larger
than 40%. In fact, 92% of the group/cluster population is
found in zone ≤ 4 where the fraction of interlopers is < 22%
and the cluster population dominates.
Since sample II is not volume limited, we had to correct
our basic sample for Malmquist bias, which is responsible
for an artificial increase of the average luminosity (and M⋆)
of galaxies with redshift in our data. Such an effect is more
critical for satellites which, at fixed Mh, cover a wider lu-
minosity/mass distribution. We thus weighted each galaxy
in our analysis by 1/Vmax, where Vmax is the comoving vol-
ume corresponding to the comoving distance at which that
galaxy would still have satisfied the selection criteria of the
group catalogue.
2.2 Stellar populations
We matched our basic sample with the catalogue of stellar
ages, metallicities and [α/Fe] values of SDSS DR7 galaxies
by Gallazzi et al. (2018 in prep). The stellar population pa-
rameters were computed following the same methodology as
in Gallazzi et al. (2005). Briefly, the strength of the spec-
tral indices D4000n, Hβ, HδA + HγA, [MgFe]
′ and [Mg2Fe]
is compared with synthetic spectra built from Bruzual &
Charlot (2003) SSP models convolved with a large Monte
Carlo library of star-formation histories and metallicities.
This produces probability distribution functions (PDFs) of
r-band luminosity-weighted age and stellar metallicity, from
which we can derive median values and their correspond-
ing uncertainty based on half of the (84th - 16th) percentile
range.
For what concerns the [α/Fe] abundance ratios, they were
estimated following the approach of Gallazzi et al. (2006).
For each galaxy, the index ratio Mgb/< Fe > (where < Fe >
is the average of the Fe5270 and Fe5335 index strengths) is
computed from the observed spectrum and also from the
solar-scaled model that best fits the aforementioned spec-
tral indices (all being independent of [α/Fe]). The difference
between data and model (denoted as ∆Mgb/< Fe >) can be
considered as an excess of [α/Fe] with respect to the solar
value. Specifically, Gallazzi et al. (2018, in prep) calculate
the full PDF of ∆Mgb/< Fe > from which we then esti-
mate a median value and its related uncertainty as half of
the (84th - 16th) percentile range. Finally, Gallazzi et al.
calibrate the relation between ∆Mgb/< Fe > and [α/Fe]
as a function of age and stellar metallicity using the stellar
population models of Thomas et al. (2003, 2004). It thus
becomes possible to assign an [α/Fe] value to each galaxy in
the sample on the basis of its best-fit age, stellar metallicity
and computed ∆Mgb/< Fe >.
When matching the satellites of our basic sample with
the catalogue of stellar parameters, we kept only those galax-
ies with an estimated age and whose median spectral S/N
per pixel is equal or larger than 20. This ensures, as shown
by Gallazzi et al. (2005), an uncertainty on stellar age and
metallicity of ∼< 0.2 and 0.3 dex respectively. The cut in
S/N introduces a bias toward brighter galaxies or galaxies
with deeper absorptions that may affect our results. In order
to correct for incompleteness at fixed stellar mass we apply
to each galaxy a weight wSN as computed in Gallazzi et al
(2018, in prep). This weight wSN is calculated in bins of stel-
lar mass (0.1 dex width) and absolute (g− r)z=0.1 Petrosian
colour (0.2 mag width) taken as model-independent proxy
for stellar population properties. It is defined as the number
ratio in each bin between the galaxies in the parent sample
and those with spectral S/N > 20. To avoid overweighing
bins in which the statistic is low and wSN uncertain, we ex-
clude bins in which high-S/N galaxies are fewer than 10 and
less than 10% of the total. These are a negligible fraction of
galaxies and does not impact our conclusions.
In this way, we select 20928 satellites which make up our
final working sample. We retrieved the median, 16th and 84th
percentile values of their global, specific star formation rates
(sSFRgl) from the catalogue by Brinchmann et al. (2004).
We computed the uncertainty on the median sSFRgl as half
of the (84th - 16th) percentile range.
2.3 Characterizing the working sample
The satellites of our working sample span a redshift range
between z = 0.01 and z = 0.2, peaking at z ≃ 0.072 and with
90% of the galaxies below z ≃ 0.15. They are distributed in
stellar mass between 109 and ∼1011.5 M⊙h
−2, and popu-
late a wide range of environments, with host haloes varying
in mass between 1012 and 1015 M⊙h
−1. The solid line in
Fig. 1 shows their distribution weighted by (1/Vmax × wSN)
in global specific SFR (sSFRgl), luminosity-weighted stellar
age (AgeL), stellar metallicity (log (Z/Z⊙)) and [α/Fe] abun-
dance ratio. About 70% of the satellites in our working sam-
ple are passive with log(sSFRgl yr
−1) ∼< -11 and luminosity-
weighted stellar age older than ∼4 Gyr. We note that half
of the working sample has solar or above solar metallicity,
while the majority of satellites have [α/Fe] ratios between
solar and 0.5 dex. For comparison, we also trace in Fig. 1
the unweighted distributions of our working sample (dotted
lines). They show how our weighing scheme shifts the satel-
lites distribution towards higher sSFRgl and younger AgeL,
lower stellar metallicity and [α/Fe] ratio.
For a first investigation of the projected phase-space
populated by our working sample, we select satellites in the
stellar mass range 109 M⊙h
−2 ≤ M⋆ ≤ 10
10 M⊙h
−2 resid-
ing in host haloes in the mass interval 1013 M⊙h
−1 ≤ Mh ≤
1015 M⊙h
−1, since Pasquali et al. (2010) showed their prop-
erties to be most sensitive to environment. Figure 2 presents
the distribution of the peculiar velocities of these satellites,
normalized by their host group velocity dispersion, as a func-
tion of their projected distance from the luminosity-weighted
centre of their group, normalized by the group virial radius
R200. Such distribution follows the typical trumpet shape.
This arises because as galaxies with low angular momentum
move closer to the cluster centre, they tend to gain veloc-
ity as they approach pericentre. In order to highlight the
MNRAS 000, 1–24 (2018)
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Figure 1. The weighted (solid line) and unweighted (dotted line) distribution of our working sample in the properties analyzed below:
global specific SFR, luminosity-weighted stellar age, stellar metallicity and [α/Fe] ratio.
Figure 2. The distribution of satellites with 109 M⊙h−2 ≤M⋆ ≤
1010 M⊙h−2 and 1013 M⊙h−1 ≤ Mh ≤ 10
15 M⊙h−1 in pro-
jected phase-space. The solid lines are the caustic profile ∆V/σ
× Rproj/R200 = ± 0.6.
trumpet-shape, we overlay the plot with solid lines which
trace out the caustic profile ∆V/σ × Rproj/R200 = ± 0.6.
In Fig. 3 we present the projected phase-space plane
of Fig. 2 colour-coded on the basis of the fraction of pas-
sive satellites and the fraction of old and young satellites.
For each galaxy we select its 100 closest neighbours in the
Rproj/R200 - ∆V/σ plane, and separate them between pas-
sive and star-forming using the separation line derived by
Oman & Hudson (2016) and according to their observed
sSFR and stellar mass. We then compute the fraction of
passive satellites, weighted by (1/Vmax × wSN), as a func-
tion of Rproj/R200 and ∆V/σ (top panel). We also use the
luminosity-weighted stellar age to distinguish these 100 clos-
est neighbours between young (AgeL < 3 Gyr) and old
(AgeL > 7 Gyr) and calculate their corresponding weighted
fraction (see middle and bottom panels, respectively). Fig. 3
reveals an overall decrease in the fraction of passive or older
satellites with projected cluster-centric distance, matched by
an increase in the fraction of younger satellites. The more
actively star-forming and younger satellites are mostly lo-
cated at the virial radius, but also at |∆V |/σ ∼> 2. Quiescent
and older satellites preferentially populate the inner region
of their host environment. These trends with Rproj/R200 es-
sentially occur at any fixed value of |∆V |/σ.
3 GALAXY CLUSTER SIMULATIONS
In order to improve on the scatter in Fig. 3 and better
understand its trends, we require some knowledge of the
times at which our galaxies first fell into their current en-
vironment. For this, we must compare our observations to
a set of hydrodynamic zoom-in simulations of galaxy clus-
ters. Here we provide a brief summary of the hydrodynam-
ical simulations (refereed to as YZiCS), but a full descrip-
tion is available in Choi & Yi (2017). We ran cosmologi-
cal hydrodynamic zoom-in simulations using the adaptive
MNRAS 000, 1–24 (2018)
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Figure 3. The observed distribution of the fraction of passive
satellites (top panel), the fraction of satellites younger than 3
Gyr (middle panel) and older than 7 Gyr (bottom panel) across
projected phase-space. These are computed for satellites in our
working sample in the range 109 M⊙h−2 ≤ M⋆ ≤ 1010 M⊙h−2,
residing in host haloes with 1013 M⊙h−1 ≤ Mh ≤ 10
15 M⊙h−1.
mesh refinement code ramses (Teyssier 2002). We first run
a large volume cube of side length 200 Mpc h−1 using dark
matter particles only, within the WMAP7 cosmology (Ko-
matsu et al. 2011): ΩM = 0.272, ΩΛ = 0.728 and H0 =
70.4 km s−1 Mpc−1, σ8 = 0.809, and n = 0.963. We then
select 15 high density regions in the cosmological volume
and perform zoom-in simulations, this time including hydro-
dynamic recipes. The zoom-in region contains all particles
within 3 viral radii of a cluster at z = 0. The mass range
of our clusters varies from 9.2×1014 M⊙ to 5.3 × 10
13 M⊙.
A summary of their properties can be found in Table 1 of
Rhee et al. (2017). The minimum cell size is 760 pc h−1 and
8×107 M⊙ in dark matter particle mass. Halo-finding and
tree-building were conducted using the AdaptaHOP method
(Aubert et al. 2004). Each snapshot is only approximately
75 Myr apart, which greatly aids this process. To ensure we
have a complete halo mass function, and to reduce numerical
effects, we discard all subhaloes whose peak mass is lower
than 3 ×1010 M⊙ from our analysis. With this mass cut, all
haloes can be considered as a proxy for a galaxy, and, even
in the worst case, we can follow halo mass loss down to 3%
of the peak mass. We have adopted the baryon prescriptions
of Dubois et al. (2012) including gas cooling, star formation,
stellar and AGN feedback, and were able to reproduce the
basic properties of observed z ∼0 galaxies to the same degree
as in the Horizon-AGN simulations (Dubois et al. 2014).
In order to compare our simulations with the data, we com-
pute a projected phase-space diagram for each individual
cluster, considering 1000 line of sights (increasing this num-
ber by a factor of five introduces negligible differences, cf.
Rhee et al. 2017). We then combine all the cluster phase-
space planes together so that each of them has equal weight
in the final projected phase-space in order to avoid biases
due to varying numbers of cluster members.
To this set of simulations we add data extracted from
a suite of 8 zoom-in cosmological simulations of clusters.
These simulations are fully described in Warnick & Knebe
(2006). In short, these are N-body simulations that were
performed with the adaptive mesh refinement code mlpam
(Knebe, Green & Binney 2001). The simulations are dark-
matter only but the resolution is roughly comparable with
the mass and spatial resolution of the YZICS simulations.
Each dark matter particle has a mass of ∼1.6×108 M⊙, the
highest spatial resolution is ∼2 kpc, and the 8 clusters are in
the mass range 1–3×1014 M⊙. Smith et al. (2015) system-
atically measured the orbital parameters (eccentricity and
pericentre distance of the most recent orbit) for all surviving
subhaloes within these cluster simulations (see blue shading
in Fig. 10 of Smith et al. 2015). For convenience, we use this
existing data set to look at how these orbital parameters
vary across phase-space, stacking together all clusters into
a single phase-space diagram. We exclude all objects which
are yet to reach a first pericentre passage as their orbital
parameters are not yet defined.
3.1 Discretizing phase-space
Caustic profiles (as shown in Fig. 2) have usually been used
in the literature to separate kinematically different galaxy
populations in phase-space, which were accreted onto their
parent halo at different times (e.g. Mamon et al. 2004; Gill
et al. 2005; Mahajan et al. 2011; Haines et al. 2012). In par-
ticular, Noble et al. (2013, 2016) introduced plots of galaxy
observed properties as a function of caustic profile defined as
|∆V |/σ × Rproj/R200, as different values of this parameter
generally correspond to different infall times.
We check how closely caustic profiles trace the accretion his-
tory of a massive halo by computing the mean infall time,
Tinf , in two-dimensional bins across the projected phase-
space of the satellites in the hydrodynamic simulations set.
Tinf is defined as the time since a galaxy crossed for the
first time the virial radius of the main progenitor of its
present-day host environment. The result is shown in Fig.
4, where the distribution of simulated satellites in phase-
space is colour-coded on the basis of their mean Tinf (Gyr)
computed in 2D bins. Galaxies that have not yet entered
the cluster are excluded from this plot as they do not have
a Tinf value, and thus interlopers are also excluded. As al-
ready pointed out by Rhee et al. (2017), Tinf decreases with
both increasing Rproj/Rvir and |∆V |/σ, so that the most
recently accreted (∼1.5 Gyr ago) galaxies have a relatively
high peculiar velocity and are found in the outskirts of their
host halo, while the satellites that fell in earliest (∼5.5 Gyr
ago) typically have a smaller peculiar velocity and a smaller,
projected cluster-centric distance. The comparison of Fig. 4
with Fig. 3 highlights a correspondence between the dis-
tribution of satellite fractions and the distribution of Tinf
across projected phase-space. Also, the vertical stripes of
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Figure 4. The distribution of infall time, Tinf , in Gyr across the projected phase-space, computed by averaging the simulated galaxies
in 2D bins. Left-hand panel: The family of curves defined by Eq. (3) and Eq. (4) is plotted with solid black lines, and the zones in
which these curves split the projected phase-space are numbered. Middle panel: several representative caustic profiles, which follow the
analytical expression y = c/x with y = |∆V |/σ and x = Rproj/Rvir. Right-hand panel: the projected phase-space is dissected among 8
equally wide radial bins.
constant fraction value in Fig. 3 are reminiscent of the zones
of constant Tinf in Fig. 4, although they appear less pro-
nounced, possibly because of the contribution from interlop-
ers that are excluded in Fig. 4. Such a similarity points to
more quiescent satellites with the stellar populations that
appear old today having been accreted earlier onto their
present-day host halo.
In the middle panel of Fig. 4 we over-plot a few representa-
tive caustic profiles, whose analytical form is y = c/x, where
y = |∆V |/σ, x = Rproj/Rvir and c a numerical coefficient
which varies across the projected phase-space. In particular,
we define the following set of caustic profiles:
1 : y = 0.10/x
2 : y = 0.25/x
3 : y = 0.50/x
4 : y = 0.75/x
5 : y = 1.00/x
6 : y > 1.00/x
(2)
We also split the projected phase-space in 8 equal width
radial bins in the right-hand side panel of Fig. 4 (we do
so because it is common use in the literature to show how
satellite properties vary as a function of cluster-centric dis-
tance). It is clear that both caustic profiles and radial bins do
not well match the shape of the infall time distribution. We
thus replace them with a family of quadratic curves which
are customised to split up the projected phase-space into
eight new zones within 1 Rvir, which follow the infall time
distribution, as plotted in the left-hand side panel of Fig. 4.
Each curve has the analytical form:
|∆V |/σ = a(Rproj/Rvir)
2 + b(Rproj/Rvir) + c (3)
where the coefficients a, b and c are expressed as a function
of p, an integer number running between 1 and 7:
a = 0.022p3 − 0.512p2 + 3.287p − 2.786
b = 0.184p2 − 1.494p − 3.5
c = −0.108p2 + 1.249p + 0.314
(4)
For example, p = 1 gives the dividing line between zone 1
and zone 2. In Fig. 5 we present the distribution in pro-
jected phase-space of the number density of the simulated
satellites. The curves defined by Eq. (3) and Eq. (4) are
overlaid and the new zones numbered. We can see that the
average number density decreases with increasing zone num-
ber as expected, but is still high to statistically justify the
definition of zones ≥ 5.
Table 1 lists the average Tinf (Tinf), its standard devi-
ation (σ(Tinf)), and the first and third quartiles of the Tinf
distribution as computed for the 8 new zones, the 6 caus-
tic regions and the 8 equal width radial bins drawn in Fig.
4. Note that the values of σ(Tinf) in the zones is consistent
with those obtained for the 2D bins used in Fig. 4. Although
the different regions can not be directly compared as they
cover different areas of the projected phase-space, we can
see that, in most cases, σ(Tinf) is reduced with the zones,
especially when compared with high number radial bins. In
addition, the range of Tinf is larger for the zones (4 Gyr)
than for the caustic regions (3.3 Gyr) and the radial bins (2
Gyr). A larger range of Tinf is crucial, as it means that we
are more sensitive to changes in the infall time of the galaxy
population by using our zones than with the other methods.
In summary, the comparison with the radial bins shows that,
by additionally considering cluster-centric velocities, we can
better distinguish between galaxy populations with differing
mean infall time, and this is accomplished better using our
zones approach than with the caustic method.
Since our aim is to investigate any possible dependence
of galaxy properties on projected phase-space for satellites
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Figure 5. The distribution of the number density of the simu-
lated galaxies across projected phase-space. The curves defined
by Eq. (3) and Eq. (4) are overplotted as black lines, and the
zones which they separate are labelled with a zone number.
of different M⋆ and living in different environments, we need
to check whether the trend of decreasing Tinf with increasing
zone number, as seen in Fig. 4, is also recovered if we control
for the effects of stellar and halo mass. For this purpose
we have separated the simulated sample into two host halo
mass bins (13 < log(Mh) < 14 and 14 < log(Mh) < 15)
and the simulated satellites into two bins in stellar mass
(9 < log(M⋆) < 10 and log(M⋆) > 10). For simplicity, we
calculate the stellar masses from the satellites halo mass
based on the halo abundance matching prescription of Guo
et al. (2010). We plot the mean infall time (solid lines) as
a function of zone for each mass bin and for the general
satellite population in Fig. 6. Here, we also show the first
and third quartiles of the Tinf distribution within each zone
(dashed lines). As we can see, the separation into different
halo/stellar mass bins does not significantly affect the trend
already highlighted in Fig. 4 for the general population of
satellites: all trends in Tinf , as well as in the 25
th and 75th
percentiles, exhibit the same gradient, indicating that the
zones drawn in Fig. 4 consistently work well at distinguishing
more recent infalls from infalls that happened a long time
ago. Therefore, Figs. 4 and 5 confirm that our definition of
zones in projected phase-space tracks the stronger change
in mean infall time as we move from zone 1 to zone 8. We
note that a small shift towards shorter Tinf with increasing
satellite stellar mass exists, and an even smaller shift with
increasing host mass exists, although in both cases, it is
very minor compared to the broad spread in Tinf in each
zone. These shifts are a natural consequence of hierarchical
accretion as also discussed in De Lucia et al. (2012).
Although our simulations do not allow us to check whether
the relation between zones and Tinf holds also in less massive
hosts, we will later apply our zone scheme also to observed
satellites residing in environments less massive than 1013
M⊙.
Table 2 summarizes the main properties of the YZiCS
Table 1. The average infall time Tinf and its associated standard
deviation (σ(Tinf)) as derived for the 8 new zones, the 6 caustic
regions as well as the 8 equally wide radial bins drawn in Fig. 4.
We also list the first and third quartiles of the Tinf distribution
within each of these areas.
Zones First Tinf Third σ(Tinf)
quartile quartile
(Gyr) (Gyr) (Gyr) (Gyr)
1 3.41 5.42 7.13 2.51
2 3.02 5.18 7.13 2.60
3 2.33 4.50 6.39 2.57
4 2.10 3.89 5.66 2.34
5 1.58 3.36 5.08 2.36
6 0.99 2.77 4.20 2.29
7 0.78 2.24 2.71 1.97
8 0.49 1.42 1.80 1.49
Caustic First Tinf Third σ(Tinf)
regions quartile quartile
(Gyr) (Gyr) (Gyr) (Gyr)
1 3.02 5.08 6.89 2.53
2 2.55 4.68 6.56 2.55
3 2.10 4.22 6.23 2.52
4 1.50 3.49 5.49 2.43
5 1.06 2.84 4.36 2.31
6 0.56 1.76 2.33 1.66
Radial First Tinf Third σ(Tinf)
bins quartile quartile
(Gyr) (Gyr) (Gyr) (Gyr)
1 3.41 5.38 6.97 2.57
2 2.63 4.95 6.97 2.67
3 2.40 4.90 6.89 2.71
4 1.87 4.21 6.31 2.63
5 1.65 3.77 5.74 2.54
6 1.73 3.53 5.49 2.38
7 1.80 3.10 4.36 2.06
8 2.33 3.54 4.60 2.02
simulation set in each zone in projected phase-space, in-
cluding Tinf in Gyr, and its associated standard deviation
σ(Tinf), as well as the average fraction of dark matter sub-
halo stripped from satellites < fdm > and its standard devi-
ation σ(< fdm >). We also report in the table the fraction of
interlopers fintl
1 and the fraction of satellites (interlopers ex-
cluded) that have not yet had a pericentric passage fno−per.
In Appendix A we discuss in detail how much projection ef-
fects result in cross-contaminations of the zones in terms of
Tinf .
As these results are derived from one set of cosmological
simulations, it is likely that we can expect some changes in
Tinf and shape of the Tinf distribution in each zone if using
a different set of simulations. These differences could arise
from having different sample size, differing cosmological pa-
rameters, or more technical issues such as different mass and
spatial resolution, or differing definitions of haloes and their
boundaries. Nevertheless, we are confident that the mean
Tinf will always systematically decrease with increasing zone
1 in this case, defined as objects beyond 3 virial radius that are
simply projected into the phase-space diagram.
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Table 2. The mean infall time Tinf (and its standard deviation σ(Tinf) in Gyr), the average fraction of stripped dark matter subhalo
< fdm > (with its standard deviation σ(< fdm >)), the fraction of interlopers fintl and the fraction of simulated galaxies which have not
yet experienced a pericentric passage fno−per as a function of zone in the YZiCS simulation of Choi & Yi (2017).
Zone Tinf σ(Tinf) < fdm > σ(< fdm >) fintl fno−per
1 5.42 2.51 0.73 0.18 0.06 0.13
2 5.18 2.60 0.67 0.19 0.07 0.18
3 4.50 2.57 0.61 0.21 0.10 0.23
4 3.89 2.34 0.53 0.22 0.13 0.29
5 3.36 2.36 0.49 0.23 0.17 0.39
6 2.77 2.29 0.46 0.24 0.22 0.48
7 2.24 1.97 0.40 0.23 0.26 0.54
8 1.42 1.49 0.40 0.22 0.40 0.60
Figure 6. Solid lines trace the mean infall time, Tinf , in Gyr as a
function of zone in projected phase-space and in different bins of
halo mass (top panel) and stellar mass (bottom panel) as derived
from the YZiCS hydrodynamic simulations. The 25th and 75th
percentiles of the Tinf distribution within each zone are plotted
with dashed lines. The simulated dwarf galaxies are not shown
in this figure because the log(M⋆) < 9 bin is not included in the
analysis of our data; for each zone, their Tinf is slightly longer
than that of the ‘All M⋆’ sample.
number. Indeed we have confirmed that this is the case in
the Millennium simulations. This fact is key to our method-
ology and the main conclusions of this study as it enables
us to see how the galaxy population properties change when
we alter the population’s average Tinf .
4 SATELLITE OBSERVED PROPERTIES IN
PROJECTED PHASE-SPACE
Numerical and hydro-dynamical simulations of environmen-
tal effects such as ram-pressure and tidal stripping show that
satellites are deprived of their gas and stars outside-in, and
the amplitude of this removal should depend on their stel-
lar mass, their orbit within their host halo, the dark-matter
mass of the host, and the time when they were accreted onto
their host environment. As a consequence, we expect to de-
tect a dependence of the observed properties of satellites in
their projected phase-space since this is simply a parame-
terization of their orbits and hence infall histories.
4.1 Observed global distributions
We use the |∆V |/σ and Rproj/R200 values measured for our
working sample and Eq.(3) and (4) to assign each satellite
a zone in projected phase-space and thus a Tinf value. We
then plot each galaxy’s location in the log(M⋆) and log(Mh)
plane, and colour the point by galaxy property. In this way,
we can effectively see how galaxy properties vary as we si-
multaneously control for the effect of galaxy mass and host
mass (which is our proxy for environment)2. In order to look
for large scale trends across the plot, we plot for each galaxy
the average property of its nearest 30 neighbours in the
log(M⋆) - log(Mh) plane. This average also takes into ac-
count the weighing required to correct for our observational
biases (discussed in Sect. 2). The results are shown in Figs.
7 to 10. In each plot we consider a different galaxy property,
and in each panel we split the sample by zone. Satellites
with zone < 2 (corresponding to Tinf ≥ 5 Gyr) and zone
≥ 5 (with Tinf ≤ 3.4 Gyr) are shown in the top left and
bottom left panels, respectively, and all zones combined are
shown in the top right panel.
We overlay contours at three fixed values on each distribu-
tion, and compare them in the bottom right panel of Figs.
7 - 10. To make the contours, we first bin up the log(Mh)-
log(M⋆) plane presented in the Figures into a 15 × 15 pixels
grid, and compute the mean value in each pixel. Contours
are then fitted to the gridded values.
A visual inspection of the all-zone distributions clearly shows
that, at fixed Mh, satellites become more passive and older,
2 These plots can be considered analogous to Fig. 6 from Peng
et al. (2010).
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Figure 7. Galaxy specific star formation rate as a function of galaxy M⋆ and host Mh for our working sample. Contours are shown at
log(sSFRgl) = -10.5, -11.0, -11.5 (from left to right). The upper-right panel shows the full sample. The upper-left panel shows galaxies
in zone ≤ 2 (Tinf ≥ 5 Gyr). The lower-left panel shows galaxies in zone ≥ 5 (Tinf ≤ 3.4 Gyr). The lower-right panel shows how the
contour shape and position change when Tinf shifted.
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Figure 8. As in Fig. 6 but for luminosity-weighted age instead of specific star formation rate. Contours are shown at log(AgeL) = 9.7,
9.8, 9.85 (from left to right). Galaxies in zone ≤ 2 have Tinf ≥ 5 Gyr, while those in zone ≥ 5 have Tinf ≤ 3.4 Gyr.
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Figure 9. As in Fig. 6 but for stellar metallicity instead of specific star formation rate. Contours are shown at log(Z/Z⊙) = -0.025, 0.05,
0.125 (from left to right). Galaxies in zone ≤ 2 have Tinf ≥ 5 Gyr, while those in zone ≥ 5 have Tinf ≤ 3.4 Gyr.
12
12.5
13
13.5
14
14.5
15
zone<2
lo
g(M
h)
all zones
 0
 0.05
 0.1
 0.15
 0.2
 0.25
 0.3
 0.35
 0.4
α
/F
e
12
12.5
13
13.5
14
14.5
9 9.5 10 10.5 11
zone>=5
lo
g(M
h)
log(M
*
)
9 9.5 10 10.5 11 11.5
log(M
*
)
<2
all
>=5
Figure 10. As in Fig. 6 but for [α/Fe] element ratio instead of specific star formation rate. Contours are shown at [α/Fe] = 0.2, 0.24,
0.275 (from left to right). Galaxies in zone ≤ 2 have Tinf ≥ 5 Gyr, while those in zone ≥ 5 have Tinf ≤ 3.4 Gyr.
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as well as metal-richer and enriched in α-elements, with in-
creasing M⋆. A weaker trend in host halo mass is detectable
for sSFRgl and AgeL at fixed M⋆ (cf. Pasquali et al. 2010),
which disappears in the distributions of recent infallers, i.e.
satellites with zone ≥ 5. The picture though changes for the
ancient infallers in zone < 2, since their sSFRgl, AgeL and
possibly [α/Fe] appear to depend on M⋆ and more clearly
on halo mass. In fact, at fixed M⋆, sample satellites grow
more passive and older with increasing Mh (this dependence
is weaker for [α/Fe]). These changes already start to occur
at the lower host masses, a feature that does not emerge
in the all-zone distributions: we first need to control for the
effect of infall time in order to clearly bring out the effects
of lower mass hosts.
At the same time, we see that the contours progressively
move to lower stellar and halo masses as we shift zone from
5 to 2, and hence increase Tinf at fixed contour level. This
is clearly seen for sSFRgl and AgeL, and, at lower extent,
for stellar metallicity and [α/Fe]. We also note how, at fixed
contour level, these contours become less steep and bend
over with increasing Tinf , particularly in the case of sSFRgl
and AgeL.
These results indicate that sSFRgl and AgeL of a satellite
primarily depend on its stellar mass when such satellite is
a recent infaller, while it additionally depends on Mh when
the satellite was accreted at earlier times, i.e. when environ-
mental effects have been at play for a longer time. Moreover,
the dependence of sSFRgl and AgeL of ancient infallers on
Mh indicates that, upon infall, the environment takes sev-
eral Gyrs to quench satellites, and more massive haloes are
more efficient in extinguishing the star formation activity
of satellites. In the case of stellar metallicity and [α/Fe],
the separation of our sample satellites into different zones
(or differing Tinf) does not highlight any significant trend of
log(Z/Z⊙) with Mh at fixed M⋆. In other words, the galaxies
seem to obey the mass-metallicity relation, nearly indepen-
dent of their environment.
One caveat is that, in Figure 6, we can see that more massive
satellites (log(M⋆ M⊙h
−2) > 10) have slightly reduced Tinf
values than less massive satellites (9 < log(M⋆ M⊙h
−2) <
10), in particular at the zone 1 end, although the differ-
ence is small (<0.75 Gyr) and well within the scatter in the
trend. For Figs. 7 to 11, this implies there is a small de-
crease in Tinf along the log(M⋆) axis, affecting the zone <
2 panels only. This small decrease in Tinf might slightly re-
duce environmental quenching, and thus the effect might be
to fractionally counteract the mass quenching trend in the
zone < 2 panels only.
4.2 Trends of satellite observed properties with
zone
We now turn to investigate in more detail the dependence
of the satellite properties on zone in projected phase-space,
using a more quantified and less visual approach than previ-
ously. For this purpose, we split the satellites of our working
sample in 2D bins defined by stellar mass and halo mass as
follows:
• 9 ≤ log(M⋆ M⊙h
−2) < 10, since Pasquali et al. (2010)
showed that satellites in this stellar mass range are most
sensitive to environmental effects;
Table 3. The number of satellites in our working sample per bin
of log(M⋆ M⊙h−2) and log(Mh M⊙h
−1).
log(Mh)
log(M⋆) 12 - 13 13 - 14 14 - 15
9.0 - 10.0 775 1267 1257
10.0 - 10.5 921 4468 3377
10.5 - 11.5 74 4176 4428
• 10 ≤ log(M⋆ M⊙h
−2) < 10.5, which we consider a tran-
sition range, representing galaxies which are less affected by
environmental processes;
• 10.5 ≤ log(M⋆ M⊙h
−2) ≤ 11.5, since Pasquali et al.
(2010) found that the stellar properties of such massive satel-
lites are the least environmentally dependent;
and:
• 12 ≤ log(Mh M⊙h
−1) < 13, the low mass environments;
• 13 ≤ log(Mh M⊙h
−1) < 14, the intermediate mass host
haloes;
• 14 ≤ log(Mh M⊙h
−1) ≤ 15, the massive environments.
This stacking is meant not only to provide sufficient statis-
tics for our analysis, but also to reduce the noise due to er-
rors on the observed line-of-sight velocity and cluster-centric
distance of the satellites in our working sample. The galaxy
statistics available for these 2D bins is summarized in Table
3. For each 2D mass bin, we derive the average of a spe-
cific galaxy property weighted by (1/Vmax × wSN) from all
satellites belonging to the same zone in phase-space, and
also compute the standard error on the weighted mean. We
consider only those zones which contain at least 20 satellites
each.
4.2.1 Specific SFR as a function of Tinf
In the left-hand column of Fig. 11 we plot the average global
sSFR as a function of zone and Tinf for satellites separated
into the three M⋆ bins and colour-coded on the basis of
the three Mh bins defined above. Each grey shaded area
shows the range in weighted mean sSFRgl spanned by field
galaxies in each M⋆ bin (see Sect. 4.3). A trend of increas-
ing log(sSFRgl) with increasing zone number, hence decreas-
ing Tinf, is visible between zones 1 to 6, which is stronger
for satellites in more massive haloes (red circles). We es-
timate by how much sSFRgl varies between zones 1 and
6, and see that this variation ∆ increases with halo mass.
At log(M⋆ M⊙h
−2) ≤ 10.5, ∆ is ∼0.15, ∼0.25 and ∼0.65
dex in low-, intermediate- and high-mass hosts, respectively.
For the more massive satellites, ∆ is ∼0.3 and 0.4 dex in
intermediate- and high-mass haloes, respectively. An inter-
esting feature of the intermediate-mass satellites in >1013
M⊙h
−1 haloes is the flattening of their distribution to lower
sSFRgl values at zone > 6.
We also notice that, for satellites less massive than log(M⋆
M⊙h
−2) = 10.5 and in zones < 4, the average sSFRgl is
generally higher in low-mass haloes, and decreases with in-
creasing Mh. In other words, at fixed stellar mass and fixed
zone (for the same Tinf), the quenching of the star-formation
activity of satellites is controlled by the halo mass of the host,
and is more efficient in more massive hosts.
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Figure 11. The observed distribution of average global sSFR and average age of our sample satellites as a function of zone and Tinf in
projected phase-space in the left-hand and right-hand column respectively. The error bars represent the error on the mean. Satellites are
split into three bins of stellar mass (from 109 to 1011.5 M⊙h
−2) and 3 bins of halo mass: 12 ≤ log[Mh (M⊙h
−1)] < 13 (yellow triangles),
13 ≤ log[Mh (M⊙h
−1)] < 14 (orange squares) and 14 ≤ log[Mh (M⊙h
−1)] ≤ 15 (red circles). Each grey shaded area represents the
range in weighted mean sSFRgl and AgeL spanned by field galaxies.
The above trends are qualitatively consistent with the
results of Herna´ndez-Ferna´ndez et al. (2014) who found that
colour-selected passive galaxies in 16 clusters at z < 0.05 are
preferentially distributed in phase-space within the caustic
profile (|∆V|/σlos) × (Rp/R200) ∼< 0.4 (corresponding to our
zones ∼< 3 in Fig. 4), while the distribution of star-forming
galaxies extends to higher caustic profiles (or higher zone
numbers). Similarly to our results for z ∼ 0 galaxy groups
and clusters, Noble at al. (2013) and Noble et al. (2016)
observed a remarkable increase (∼1 - 2 dex) in sSFR with
increasing values of (|∆V|/σlos) × (Rp/R200), hence with
increasing zone number, in a cluster at z = 0.87 and in
three clusters at z = 1.2. More recently, Barsanti et al.
(2018) found that the fraction of star-forming galaxies in
the Galaxy And Mass Assembly (GAMA) group catalogue
(at 0.05 ≤ z ≤ 0.2) is higher in the outer region of their pro-
jected phase-space (corresponding to higher zone numbers).
4.2.2 Stellar age as a function of Tinf
The right-hand column of Fig. 11 shows the average,
luminosity-weighted stellar age of satellites as a function of
zone and Tinf for the same M⋆ and Mh bins as in the left-
hand column. Also in this case the grey stripes show the
ranges in AgeL covered by field galaxies.
The behaviour of stellar age is opposite to that of average
sSFRgl, as it clearly decreases with increasing zone number
(thus with decreasing Tinf), at least up to zone 6. The am-
plitude ∆ of the age variation between zone 1 and 6 is larger
for low mass satellites (M⋆ < 10
10 M⊙h
−2), and it increases
from ∼0.7 Gyr in low-mass host haloes (yellow triangles) to
∼2 Gyr in host haloes more massive than log(Mh M⊙h
−1) =
13 (orange squares and red circles). For intermediate-mass
satellites ∆ is ∼1 Gyr, while it decreases to ∼0.6 Gyr at
M⋆ > 10
10.5 M⊙h
−2. As in the case of sSFRgl, we point to
the flattening of the age distribution of intermediate-mass
satellites in host haloes more massive than 1013 M⊙h
−1 at
zone > 6.
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Figure 12. As in Fig. 11 but now for average stellar metallicity and average [α/Fe] ratio of satellites in our working sample. Each grey
shaded area represents the range in weighted mean log(Z/Z⊙) and [α/Fe] spanned by field galaxies.
We also observe that, at fixed stellar mass and zone (for zone
< 6), satellites become progressively older as the halo mass
of their host groups increases, which adds further support for
the Mh-driven quenching of galaxy star formation. At fixed
host halo mass the mean stellar age of satellites can be seen
to increase with stellar mass (see also Pasquali et al. 2010).
The above results are qualitatively similar to the analy-
sis performed by Noble et al. (2013) and Noble et al. (2016),
who traced the dependence of the age indicator D4000 on
caustic profiles for galaxies in clusters at z = 0.87 and 1.2.
They showed that D4000 steadily decreases with increasing
(|∆V|/σlos) × (Rp/R200) (hence with increasing zone num-
ber), so that galaxies exhibit progressively younger ages for
larger values of caustic profile.
4.2.3 Stellar metallicity as a function of Tinf
We plot the average stellar metallicity as a function of zone
and Tinf , and per bin of stellar and halo mass in the left-
hand column of Fig. 12 (the grey shaded areas represent the
range in weighted mean log(Z/Z⊙) of field galaxies). Despite
the noise in the distributions, a weak trend of decreasing
metallicity with increasing zone number (hence decreasing
Tinf) can be recognised at stellar masses log(M⋆ M⊙h
−2)
≤ 10.5 and log(Mh M⊙h
−1) ≥ 13. Its amplitude between
zones 1 and 6 is ∆ ∼ 0.05 dex for low mass satellites, and
∆ ∼ 0.04 dex for intermediate-mass satellites. The average
stellar metallicity of more massive satellites is essentially
invariant with zone. The Z distribution of intermediate-mass
satellites in massive haloes shows a flattening at zone > 6,
where stellar metallicity levels off within the error bars.
In the case of satellites more massive than M⋆ = 10
10
M⊙h
−2 and for zone < 5 the average log(Z/Z⊙) slightly
increases with Mh at fixed stellar mass and zone (similarly
to that found by Pasquali et al. 2010, although less pro-
nounced). We also notice that, at fixed halo mass, the aver-
age log(Z/Z⊙) increases with stellar mass as expected from
the known galaxy metallicity - mass relation (e.g. Tremonti
et al. 2004, Gallazzi et al. 2005, Mannucci et al. 2010, Foster
et al. 2012, Sa´nchez et al. 2017).
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4.2.4 [α/Fe] ratio as a function of Tinf
The [α/Fe] element ratio is shown as a function of zone and
Tinf in the right-hand column of Fig. 12 for satellite and field
galaxies. First of all, we notice that, regardless of zone, at
fixed halo mass, [α/Fe] increases with stellar mass, but no
systematic dependence of [α/Fe] on halo mass at fixed M⋆
can be found. This reproduces the findings of Gallazzi et al.
(2018, in prep) that the relation between [α/Fe] and M⋆ is
to first order independent of halo mass. Here, by studying
the distribution of [α/Fe] in projected phase-space we can
identify a trend of decreasing [α/Fe] with increasing zone
number (decreasing Tinf) in particular for satellites in haloes
more massive than 1014 M⊙h
−1. For this halo mass range,
the amplitude ∆ of the overall change in [α/Fe] between
zones 1 and zones 6 depends on M⋆: it varies from ∼0.1 dex
at low stellar masses to ∼0.05 dex for intermediate and high
masses.
We have checked that the above trends do not significantly
depend on our weighing scheme. In the extreme case when
galaxy properties are weighted only by 1/Vmax, the trends in
Figs. 11 and 12 are seen to shift to older ages, higher metal-
licity and [α/Fe] values, and to lower sSFRgl values by an
amount typically less than 3σ, while their gradients become
less steep. In order to check the effect of the uncertainty on
the group centre definition, we have computed mean galaxy
properties as a function of zone using the projected distance
of satellites from their central galaxy, and weighing galaxy
properties by (1/Vmax × wSN). The new trends are largely
consistent with those shown in Figs. 11 and 12. We have
also calculated how the mean observed galaxy properties
change as a function of the caustic regions defined in Sect.
3.1, where |∆V |/σ × Rproj/R200 varies from 0.1 to 1.0 in
steps of 0.1. We find trends similar to those obtained with
our zones approach, albeit more noisy.
4.3 Comparison with the field
It is interesting to check how the trends of the observed prop-
erties of satellites in projected phase-space compare with the
average properties of field galaxies.
We use the DR7 group catalogue of Wang et al. (2014) to
define the field population using three different criteria: (i)
by extracting all central galaxies residing in haloes less mas-
sive than Mh = 10
12 M⊙h
−1; (ii) by retrieving all centrals
with no associated satellite (down to the magnitude limit of
the SDSS spectroscopy); (iii) by selecting all galaxies of (ii)
which are more than 5R200 away from their closest environ-
ment which is not their host halo. In all cases, we keep only
those galaxies whose spectral S/N is 20 or higher. We notice
that criteria (i) provides us with centrals less massive than
M⋆ = 10
10.5 M⊙h
−2, while the centrals chosen by criteria
(ii) and (iii) populate the whole stellar mass range of the
satellites in our working sample.
For each sample, we compute the weighted average sSFRgl,
AgeL, log(Z/Z⊙) and [α/Fe] in each stellar mass bin. We
then plot the range defined by the mean galaxy properties
of the three samples as a grey shaded area in Figs. 11 and
12.
Field galaxies are more strongly star forming and have
younger luminosity-weighted ages at any M⋆ than equally
massive satellites, although in some cases satellites in zone ≥
6 are consistent with the field population at the 1 - 2σ level.
The average age of low mass satellites exhibits the strongest
deviation from the field, indicating once again that they are
the galaxies most prone to environmental effects.
We observe a clear offset in log(Z/Z⊙) between the field pop-
ulation and satellites more massive than log(M⋆ M⊙h
−2) =
10, in that satellites in zone < 6 are metal-richer by ∼0.05
dex. Satellites with higher zone number have a stellar metal-
licity more similar to that of field galaxies. In the case of low
mass satellites, we see a trend with halo mass: those resid-
ing in low mass haloes are as metal-rich as field galaxies at
the 1σ level, while satellites living in intermediate- and high
mass haloes are ∼0.06 dex metal-richer than the field if in
zone < 3, else have log(Z/Z⊙) similar to that of field galaxies
at the 1 - 2σ level.
Finally, only satellites with log(M⋆ M⊙h
−2) > 10, log(Mh
M⊙h
−1) > 14 and zone < 3 show a [α/Fe] abundance ratio
slightly higher than the field, while they become comparable
with the field population at zone > 3 similarly to equally
massive satellites in lower mass haloes at any zone. Low
mass satellites in low- and high mass environments display
[α/Fe] values lower than the field.
In conclusion, we see satellite properties generally ap-
proaching the field values with increasing zone number, and
nearly equalling the field for low mass hosts. On the contrary,
the average observed properties of satellites in more massive
environments often seem to flatten out before reaching the
field values.
5 DISCUSSION
Dissecting the projected phase-space of galaxy
groups/clusters into zones of constant mean infall time
has allowed us to emphasize the dependence of galaxy
properties on environment while controlling for the effects
of both galaxy and halo mass. In what follows we will
discuss the environmental processes responsible for the
observed trends in projected phase-space, we will also use
the observed dependence of galaxy properties on Tinf to
estimate time-scales for the quenching of star formation,
and to address satellite pre-processing. We will refer to
satellites in low number zones as ’ancient infallers’, and to
satellites in high number zones as ’recent infallers’.
5.1 Nurture at work
The information on zones in projected phase-space has al-
lowed us to bring out the dependence of sSFRgl and AgeL of
ancient infallers on halo mass (cf. Figs. 7 and 8, also Barsanti
et al. 2018), which would otherwise go undetected when mix-
ing satellites of different Tinf (see Peng et al. 2010). More
specifically, at fixed M⋆ the satellites’ sSFRgl smoothly in-
creases with zone while their AgeL decreases, indicating that
ancient infallers are more quenched than recent infallers.
In addition, at fixed zone, satellites’ sSFRgl and AgeL tend
to decrease and increase, respectively, with increasing halo
mass (cf. Fig. 11). We interpret these trends as the result
of the early Tinf of ancient infallers, which thus underwent
gas loss via strangulation and ram-pressure stripping at ear-
lier times and for longer durations. The strength of these
environmental effects is obviously amplified in more massive
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host haloes because of their deeper potential well and denser
intracluster medium, both of which make gas removal and
star-formation quenching more efficient.
The trends in the distribution of metallicity as a func-
tion of zone are far less pronounced than those in sSFRgl
and AgeL. However, a general increase of Z with decreasing
zone can be recognized for satellites less massive than log(M⋆
M⊙h
−2) = 10.5 and residing in more massive haloes. These
results are likely the effect of ram-pressure stripping with
some possible contribution from tidal stripping. As ram-
pressure stripping proceeds outside-in, it removes the satel-
lite outskirts that are typically metal-poor, and inhibits ra-
dial gas inflows which otherwise would dilute the gas-phase
metallicity in the central region of the satellite (see also
Pasquali et al. 2012). Bahe´ et al. (2017) showed that the
absence of metal-poor gas inflows allows a satellite to form
stars from metal-rich gas and hence to increase its overall
stellar metallicity by an amount which seems to be consis-
tent with the metallicity difference between satellites and
the field population in Fig. 12. The longer exposure to ram
pressure stripping can thus justify the higher metal content
of ancient infallers with respect to recent ones.
This scenario is somehow corroborated by the fact that satel-
lites have similar [α/Fe] as the field population, indicating
a similar duration of their star formation activity although
it occurs at lower sSFRgl in satellites. Therefore, the higher
metal content of satellites with respect to the field is not due
to stronger or more efficient star formation in satellites, but
possibly to star formation taking place in metal-richer gas.
We note here that the weak trend of increasing [α/Fe] with
Tinf possibly indicates an early truncation of star formation
in ancient infallers, when [α/Fe] is used as a proxy for the
duration of the star formation activity in galaxies (cf. de La
Rosa et al. 2011). Nevertheless, the galaxy formation models
of De Lucia et al. (2017) have highlighted that [α/Fe] may
not be a straightforward indicator of the time-scale of star
formation as it significantly depends on the intensity of star
formation and on other galaxy properties such as AGN feed-
back (cf. Segers et al. 2016), galactic winds and the Initial
Mass Function (cf. Fontanot et al. 2017).
The trend of increasing log(Z/Z⊙) with Tinf could also be
due to tidal stripping. If a galaxy initially sits on the nor-
mal stellar mass-metallicity relation, then after losing stellar
mass it may appear too metal-rich for its new stellar mass,
compared to typical galaxies (see also Pasquali et al. 2010).
Increasing the time spent in a host might result in a larger
stellar mass loss, which would thus explain the trend of rising
stellar metallicity with increasing Tinf . In the following, we
attempt to roughly estimate how much stellar mass would
need to be stripped to explain the average metallicity of zone
1 satellites. First, we define the relation between stellar mass
and metallicity followed by all centrals which have a spectral
S/N ≥ 20 in the Gallazzi et al.’s (2018 in prep) catologue,
by calculating the weighted average metallicity in small bins
of stellar mass. We then use this relation to read the stel-
lar mass corresponding to the average metallicity of zone 1
satellites, and we dub the difference between this value and
the mean M⋆ of zone 1 satellites as stellar mass loss. We
find that such stellar mass loss is typically 0.25 dex, quite
independently of the stellar and halo mass as also found by
Han et al. (2018) using the same YZiCS simulations. On av-
erage, 80% stellar mass loss would be necessary to explain
the metallicity of ancient infallers through tidal stripping of
their progenitor.
This value is somehow higher than the fraction of stripped
dark matter (fdm in Table 2) in zone 1, and, together with the
fact that dark-matter haloes are more easy to strip, suggests
that stellar mass loss alone is unlikely to fully explain our
result of increasing log(Z/Z⊙) with Tinf . A fraction of the
satellites in zone 1 may have suffered enough tidal mass
loss to reach these metallicities, but they are not enough
to match the mean observed metallicity.
5.1.1 The effect of orbital parameters
Ram-pressure and tidal stripping not only depend on the
dark matter density distribution of a halo, or the density of
its intracluster medium, but also on the orbital velocity of
a galaxy in that halo. All of these should vary with location
along the orbit, and the variation might be expected to be
larger for objects on more eccentric orbits. Figure 1 of Rhee
et al. (2017) presents a toy representation of a typical tra-
jectory that an infalling galaxy takes on a 3D phase-space
diagram. Although both orbital velocity and cluster-centric
radius fluctuate with time, overall objects tend to shift to-
ward lower orbital velocity and cluster-centric distance as
time passes by (see also the left panel of Figure 2 of Rhee et
al. 2017). This change is partly the result of dynamical fric-
tion, which steadily dissipates the orbital energy of satellites,
especially for massive galaxies. In addition, all satellites are
influenced by the deepening and changing shape of the po-
tential well in which they orbit as their hosts haloes grow in
mass by accretion. This effect is also thought to be respon-
sible for satellite orbits becoming increasingly circularised
with time (Gill et al. 2004). The net result of these effects
is that, with increasing Tinf , satellites are found closer to
the central region of their host halo, where the intracluster
medium is denser and the halo potential well is deeper. If
their orbits become more circularised, they will spend longer
periods of time near the centre, and may become increasingly
quenched and tidally stripped (of gas and stars). It is thus
interesting to use the simulations to compute the mean or-
bital parameters, pericentric distance and orbit eccentricity,
as a function of zone and Tinf (see Table 4), and compare
them with the trends of observed galaxy properties in pro-
jected phase-space.
In the top panels of Fig. 13 we plot the satellites simu-
lated by Warnick & Knebe (2006) in a 3D phase-space dia-
gram. The data points are colour coded on the basis of their
normalised pericentre distance Rperi/Rvir (left-hand panel),
and their orbital eccentricity e (right-hand panel). In a 3D
phase-space diagram, it is clear that both pericentre dis-
tance and eccentricity vary accross the diagrams. For ex-
ample, we see that the pericentric distance increases with
cluster-centric distance and also with orbital velocity. The
distribution is somewhat similar to the distribution of Tinf in
projected phase-space, as shown in Fig. 4. The orbital eccen-
tricity distribution is a little more complex with high values
of eccentricity found at both high and low velocities simul-
taneously. Objects with a combination of both small peri-
centric distances and small orbit eccentricities (i.e. rounder
orbits) tend to be located in more central regions of the 3D
phase-space diagram.
In the bottom panels of Fig. 13, we present projected
MNRAS 000, 1–24 (2018)
Properties of satellites in phase-space 17
Table 4. The mean pericentric distance (<Rper/Rvir >) and orbit eccentricity (< e >), computed in projected phase-space from the
simulations of Warnick & Knebe (2006), as a function of zone and mean infall time Tinf (in Gyr).
Zone Tinf <Rper/Rvir > σ(<Rper/Rvir >) < e > σ(< e >)
1 5.42 0.220 0.233 0.552 0.221
2 5.18 0.296 0.280 0.559 0.232
3 4.50 0.355 0.319 0.574 0.243
4 3.89 0.436 0.392 0.585 0.253
5 3.36 0.516 0.429 0.557 0.266
6 2.77 0.547 0.403 0.552 0.277
7 2.24 0.581 0.414 0.555 0.281
8 1.42 0.588 0.437 0.562 0.286
Figure 13. Top panels: the distributions of pericentric distance in units of virial radius, Rperi/Rvir, and orbit eccentricity, e, across
the 3D phase-space diagram in Warnick & Knebe’s (2006) simulations. Bottom panels: the distributions of Rperi/Rvir and e on the 2D,
projected phase-space diagram in Warnick & Knebe’s (2006) simulations.
phase-space diagrams. For these we consider 100 randomly
chosen line-of-sights, and build up the mean normalised peri-
centre distance (lower-left panel) and orbital eccentricity dis-
tribution (lower-right panel) in each pixel. The projected
distribution of pericentre distance has a similar trend to the
3D version, only it appears more smoothed. However, pro-
jection effects wash out most of the trend seen in the 3D
orbital eccentricity plot. These results are also confirmed
quantitatively by the mean values of Rperi/Rvir and e shown
in Table 4, which we computed for each zone, together with
their standard deviation. Ancient infallers are, on average,
characterized by small pericentric distances (Rperi/Rvir ≃
0.2 - 0.3), while recent infallers have Rperi/Rvir ∼ 0.6. We
conclude that the large Tinf of ancient infallers has resulted
in a population of galaxies with small pericentric distance
and lowered eccentricity, thus making these satellites spend
more time in the central region of their host haloes. This
could partly contribute to the fact that we see the strongest
environmental effects in this population, as these galaxies
will spend most of the time near their host’s centre where
environmental effects are likely most effective. However, if
the impact of some environmental mechanisms is accumu-
lated with time, then environmental effects would be most
visible in the population of galaxies that have spent most
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time in the cluster, and thus the change in orbital parame-
ters may only provide an additional contribution to the over-
all change. We also note that, although we can confirm that
orbital circularisation can be seen to occur in our 3D phase
space diagram, a lot of the eccentricy variation is washed
out in the projected phase space diagrams, and as a result it
may be difficult to detect orbital circularisation in observed
phase space diagrams.
5.2 Further implications of the observed trends in
project phase-space
5.2.1 Quenching time-scales
As the phase-space analysis provides us with constraints on
the average time that galaxies have spent in their hosts, we
can now examine how their observed mean sSFRgl changes
as a function of time in their host, for hosts and satellites
of different mass. To do so, we consider zones 1 to 6, and
associate them with their Tinf as listed in Table 2. We can
also use the field sSFRgl value as our Tinf = 0 data point.
This is the mean among the field sSFRgl values derived with
methods (i), (ii) and (iii) described in Sect.4.3, and its asso-
ciated error is half the full sSFRgl range computed for field
galaxies at fixed stellar mass. In general, we find that the
time evolution of the observed decline in mean sSFRgl has a
very linear form. Only in zones 7 and 8 of the intermediate
mass satellites do we find some deviation from the linear
fit, where some reduced values of sSFRgl are found (prob-
ably due to pre-processing as discussed below), and so we
neglect these data points when conducting the linear fit. We
then perform a simple linear fit of observed mean sSFRgl
vs. Tinf , which takes into account the errors on sSFRgl (as
shown in Fig. 11) and the standard deviation on Tinf (as
listed in Table 2). The resulting best-fit gradient, intercept
and associated errors are reported in Table 5 together with
their units.
In general, comparing between columns in the table, we can
see that the rate of reduction of the mean sSFRgl after enter-
ing a host is higher for more massive hosts, possibly because
of their denser intracluster medium. This trend is though not
visible in our highest stellar mass bin, thus suggesting that
internal mass quenching is more dominant for these galax-
ies, which, in addition, tend to be accreted later. In any
case, even for the massive satellites, their sSFRgl continues
to decline with time spent in their host, albeit at a slower
rate than for less massive galaxies. Comparing between stel-
lar masses (i.e. comparing rows in the table), we see that
the rate of decline of the mean sSFRgl is much higher for
low mass satellites than high mass satellites. This further
supports the fact that low mass satellites are more sensitive
to environment. We caution here that the analysis above is
qualitatively correct as far as we can associate satellites with
field galaxies of the same present-day stellar mass as their
progenitors.
In the literature, the star-formation quenching time-
scale is often defined as the time needed for a satellite’s
sSFR to fall below a critical value of 10−11 yr−1 after in-
falling into its host. Thus, we repeat this approach using our
linear fits, and calculate the time it takes to reach this crit-
ical value, which we dub ∆tq (in Gyr) in Table 5. We can
see that, similar to the rate of decline of sSFRgl, at fixed
stellar mass ∆tq becomes shorter in more massive environ-
ments, once again with the unique exception of the most
massive stellar mass bin. Now considering fixed halo mass,
∆tq becomes instead shorter for more massive satellite. This
is the opposite to what we found for the rate of decline of
the sSFRgl which happens more slowly in massive satellites.
This is, once again, a result of the fact that the high mass
satellites have low sSFRgl values even prior to infall into
their host. For example, in the table we can see that satel-
lites in the highest stellar mass bin have a typical value of
mean sSFRgl=1.8×10
−11 yr−1. Given that 1.0×10−11 yr−1
is the critical value for considering galaxies as quenched, this
means that they are very close to being quenched even prior
to infall into their host. So, despite their slow decrease in
sSFRgl, they require only a short time to reach the critical
value to be considered quenched. Hence, although at first
sight this appears to be a contradiction, massive galaxies
do actually have the slowest declining sSFRgl inside their
present-day host, while simultaneously having the shortest
values of quenching time-scale.
It is interesting to compare the ∆tq values in Table 5
with those derived in the literature using, for example, semi-
analytic models of galaxy formation and evolution (SAMs).
De Lucia et al. (2012) compared the observed fractions of
passive galaxies at z ∼ 0 and their dependence on Mh and
cluster-centric distance with SAMs predictions. They found
that satellites with log(M⋆) < 10.5 terminate their star for-
mation activity after having spent 5 - 7 Gyr in haloes more
massive than log(Mh) = 13, while more massive satellites
require about 5 Gyr. With a similar approach, based on
observed fractions of quiescent satellites, Hirschmann et al.
(2014) estimated a quenching time-scale of ∼6 Gyr for low
mass galaxies decreasing to ∼3 Gyr for satellites more mas-
sive than 1010 M⊙. These results are also consistent with
the SAM predictions of De Lucia, Hirschmann & Fontanot
(2018). Wetzel et al. (2013) derived a total quenching time-
scale of ∼4.5 Gyr to ∼6 Gyr at log(M⋆) < 10 and for de-
creasing Mh, between ∼3 Gyr and ∼5 Gyr in the range 10
< log(M⋆) < 10.5, and finally ∼2 - 3 Gyr at higher M⋆.
Using N−body cosmological simulations, Oman & Hudson
(2016) required a quenching time-scale of ∼5 Gyr on aver-
age to reproduce the observed fractions of passive satellites,
nearly independent of Mh. Thus our ∆tq values, derived from
the observed dependence of the mean sSFRgl on projected
phase-space, are in good agreement with previous studies,
both in terms of their value and their dependence on stellar
and halo mass. We emphasise our finding that short quench-
ing time-scales (as defined in the typical way in the litera-
ture) are not necessarily correlated with a rapid decrease in
star formation rate once a satellite enters the host halo.
5.2.2 Pre-processing
As discussed by Berrier et al. (2009), McGee et al. (2009),
De Lucia et al. (2012), Lisker et al. (2013), Vijayaragha-
van & Ricker (2013) and Wetzel et al. (2013) among the
others, a significant fraction of simulated galaxies (> 40%
at log(M⋆) . 10.5) were accreted onto present-day cluster
mass hosts as satellites of group mass haloes. Such galaxies
are referred to as pre-processed, in the sense that they may
have had their properties transformed to some degree prior
to infall into their present-day environment. The occurrence
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Table 5. The gradient and intercept of the linear fits of observed sSFRgl vs. Tinf , together with the estimated quenching time-scale ∆tq
and their corresponding errors.
log(M⋆ M⊙h−2) Parameters Units log(Mh M⊙h
−1)
12 - 13 13 - 14 14 - 15
9.0 - 10.0
∆(sSFRgl)
∆t
10−11yr−1Gyr−1 -2.398 ± 0.185 -2.370 ± 0.159 -3.197 ± 0.229
Intercept 10−11yr−1 15.834 ± 0.249 15.854 ± 0.226 15.863 ± 0.251
∆tq Gyr 6.187 ± 0.488 6.268 ± 0.432 4.649 ± 0.342
10.0 - 10.5
∆(sSFRgl)
∆t
10−11yr−1Gyr−1 -0.861 ± 0.189 -1.151 ± 0.114 -1.273 ± 0.047
Intercept 10−11yr−1 6.232 ± 0.509 6.211 ± 0.268 6.327 ± 0.106
∆tq Gyr 6.075 ± 1.456 4.528 ± 0.504 4.183 ± 0.176
10.5 - 11.5
∆(sSFRgl)
∆t
10−11yr−1Gyr−1 -0.309 ± 0.009 -0.223 ± 0.054 -0.283 ± 0.067
Intercept 10−11yr−1 1.734 ± 0.033 1.724 ± 0.191 1.723 ± 0.225
∆tq Gyr 2.375 ± 0.129 3.243 ± 1.164 2.551 ± 0.997
of pre-processing in the simulations could thus provide a
natural explanation for the high fraction of passive satel-
lites observed in massive environments (e.g. van den Bosch
et al. 2008, Wetzel et al. 2012) and at cluster-centric dis-
tances as large as 3R200 (Hou et al. 2014, Just et al. 2015)
without advocating a higher quenching efficiency in clus-
ter mass hosts (cf. also Wetzel et al. 2013, Vijayaraghavan
& Ricker 2013). Further observational evidence comes from
sub-structures identified in the velocity field of galaxy clus-
ters, such as Virgo, Fornax, Coma, Abell 85, Abell 2744
and Hydra A/A780, which have been interpreted as accreted
lower-mass groups (e.g. Fitchett & Webster 1987, Colless &
Dunn 1996, Petrosian et al. 1998, Zabludoff & Mulchaey
1998, Drinkwater et al. 2001, Edwards et al. 2002, Adami et
al. 2005, Boselli et al. 2014, De Grandi et al. 2016, Jauzac
et al. 2016, Oldham & Evans 2016, Yu et al. 2016, Lisker et
al. 2018).
There are two features in the trends of Fig. 11 sug-
gestive of pre-processing. Recent infallers, associated with
higher-number zones, have lower global sSFR and older ages
than field galaxies of the same stellar mass. This means that
galaxies accreted a couple of Gyr ago or less are quenched
with respect to the field population (despite the high frac-
tion of interlopers). In principle, 2 - 3 Gyr are sufficient for
a satellite to perform a pericentric passage; our simulations
indicate that the fraction of recent infallers having experi-
enced a first pericentric passage, which may have partially
quenched them, is∼40%. This fraction is an upper limit, and
would be further reduced if the effects of interlopers were in-
cluded. Thus such objects are expected to contribute less to
the average galaxy properties in zones 7 and 8 than satellites
which have yet to reach pericentre (see fno−per in Table 2).
It is unlikely that the latter have already experienced signif-
icant quenching induced by their present-day host halo, and
thus the older age and lower sSFRgl measured in zone > 6
are likely the result of pre-processing occurred in previous
environment(s). Additionally, we note that the age differ-
ence with the field galaxies is highest for low mass satellites,
in particular for those residing in the most massive haloes.
This would be consistent with the results of McGee et al.
(2009) and De Lucia et al. (2012), which show that mas-
sive haloes grow through accretion of substructures compa-
rable to group-mass environments where satellites are being
quenched.
A possible additional evidence for pre-processing is espe-
cially visible in the middle panels of Fig. 11, where the dis-
tribution in sSFRgl of satellites in haloes more massive than
log(Mh M⊙ h
−1) = 13 flattens at zone > 6, still being lower
than the field’s sSFRgl. At the same time, the distribution
in AgeL of the same satellites levels off at zone > 6 settling
around an age older than that of the field. We interpret this
feature as due to the recent accretion of satellites whose star
formation activity already experienced quenching in their
previous host environment. With regard to this, we checked
whether the values at which the distributions in sSFRgl and
AgeL flatten match the satellite population from the next
Mh bin down. This is visible in some, but not all, cases, and
is difficult to assess given the size of the error bars in zone
> 6 for the sSFRgl and AgeL.
6 SUMMARY
We combined the group catalogue by Wang et al. (2014),
the catalogue of stellar ages and metallicites by Gallazzi et
al. (2018, in prep) and the catalogue of global, specific star
formation rates by Brinchmann et al. (2004), all drawn for
the SDSS DR7 galaxies. We used these to study the physical
properties of satellite galaxies in the projected phase-space
of their host environment, for satellites found within one
virial radius of their host. We limit our analysis to 1R200
because simulations show the true cluster population to al-
ways dominate over interlopers, and in this way we hope to
minimize the effects of interlopers on our results.
Using the YZiCS hydrodynamical simulations, we de-
fined a set of zones in projected phase-space, where each
zone follows the shape of contours of mean infall time (Tinf),
i.e. the time since a satellite galaxy first crossed the virial
radius of the main progenitor of its present-day, host halo.
As the zone number increases from the inner to the outer
regions of the projected phase-space diagram, we find less
ancient infallers and increasing numbers of recent infallers.
We catalogued the zone where each observed satellite
is found in projected phase-space (i.e. based on their nor-
malised radial velocity (∆V/σ) and normalised projected
MNRAS 000, 1–24 (2018)
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distance (Rproj/R200), measured with respect to the host).
We then analyzed how various properties of the satellites
depend on zone and Tinf including: the global specific star
formation rate (sSFRgl), the stellar age (AgeL), metallicity
(log(Z/Z⊙)) and [α/Fe] ratio. Our sample includes satellites
with stellar masses from dwarfs up to giants, and hosts with
halo masses from small groups up to massive clusters. As
such, we are able to bin our sample by stellar mass (M⋆) and
host halo (Mh) mass, in order to cleanly separate environ-
mental quenching from mass quenching. In this way, using
our newly defined zones, we can study how systematically
shifting the mean of the infall time distribution impacts on
galaxy properties, while simultaneously controlling for the
effects of both galaxy mass and host halo mass. The use of
zones in projected phase-space makes it possible to highlight
the dependence of galaxy properties on environment.
Our main results can be summarized as follows:
• Time since infall is as crucial a parameter as galaxy stel-
lar mass and galaxy environment for understanding galaxy
evolution.
• At fixed stellar mass and host’s halo mass, the
luminosity-weighted stellar age and the global, specific star-
formation rate of satellites are sensitive to the time spent in
their host environment. This especially holds for low mass
satellites in massive hosts.
• The satellites’ average stellar metallicity and [α/Fe]
abundance ratio appear to depend mostly on satellite’s stel-
lar mass than on host’s halo mass. Nevertheless, we see these
properties to shift to higher values for the ancient infaller
population.
• By considering the ancient infallers alone, we can clearly
see the impact of much lower mass hosts, meaning that the
use of phase-space enables us to more sensitively detect en-
vironmental effects.
• When inspecting the dependence of the global, specific
star-formation rate on infall time, we see that the mean
sSFRgl declines more rapidly for low mass satellites than
high mass satellites. This is further evidence for low mass
satellites being more sensitive to environment on one hand,
and for massive satellites being already or partially quenched
upon infall on the other.
• We use the dependence of mean sSFRgl on Tinf to es-
timate the quenching time-scale. We see it varying between
∼6 Gyr and ∼4 Gyr with increasing host mass for low and
intermediate mass satellites, while it settles to a value of 2
- 3 Gyr independent of Mh for the more massive galaxies.
• Finally, we note that the offset in sSFRgl, AgeL and
log(Z/Z⊙) between recent infallers and field galaxies, as well
as the flattening of the AgeL distribution at more recent Tinf ,
could be indicative of pre-processing.
We caution that the above trends likely underestimate the
true dependence of satellite observed properties on Tinf , as
projection effects in 2D phase-space can enhance the spread
in infall time in a specific zone, and thus modify the true
dependence of satellite properties on Tinf . We expect this
effect to be constant within a zone, thus allowing us to safely
compare different galaxy masses and different host masses
at fixed zone.
We interpret the dependence of sSFRgl, AgeL on zone
and Tinf as the outcome of strangulation and ram pressure
stripping which get more efficient in more massive haloes
because of their deeper potential well and denser intraclus-
ter medium. We also suggest that the progressively lower
sSFRgl and older stellar age with increasing Tinf , could, in
part, arise from the accumulative buildup of environmental
impact with time and, in part, arise from changes in satel-
lite orbits with time (i.e. decreasing pericentric distances
and orbital eccentricity). The latter would make ancient in-
fallers spend more time in the central region of their host
halo, where environmental effects are expected to be more
efficient in quenching star formation.
With regard to metallicity, we interpret the weak trend of in-
creasing log(Z/Z⊙) with Tinf as most likely due to ram pres-
sure stripping, which, by removing the galaxy outskirts, in-
hibits radial inflows of metal-poor gas and allows the galaxy
central regions to form new stars from metal-rich gas (cf.
Bahe´ et al. 2017). The higher α-abundance of the ancient
infallers could suggest a more truncated star formation his-
tory.
As a future follow-up to this work, it will certainly be
interesting to verify the definition of zones and their re-
lation with the mean infall time using a larger sample of
galaxy groups and clusters from hydro-dynamic simulations
and semi-analytic models. It will also be interesting to com-
pare their predicted galaxy properties with the correlations
between observed galaxy properties and projected phase-
space found in this work, in order to better constrain the
efficiency of quenching (e.g. strangulation, ram pressure and
tidal stripping) as a function of galaxy infall time, galaxy
orbital parameters and their time evolution as driven by the
mass growth of the host halo.
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APPENDIX A: CAVEATS ON THE OBSERVED
TRENDS IN PHASE-SPACE
A1 Impact of interlopers
Each of the trends of satellite observed property with zone is
expected to be contaminated with interlopers. In this case,
we classify interlopers as field galaxies that are beyond the
virial radius of the group/cluster, but are simply projected
down the line-of-sight to appear within the zones of the
phase-space diagram. We have used the YZiCS simulations
to quantify the fraction of interlopers in each zone: fintl is
listed in Table 2 and increases from 10% to 40% between
zone 1 and 8. This means that the true members of a host
always dominate over the interlopers in our phase-space dia-
grams, and for small zone numbers the interlopers contribute
only weakly (less than a 20% contribution for zone < 4). In
fact, this provides added motivation to apply phase-space
diagrams when studying environmental effects. For exam-
ple, in Figs. 7 and 8, not only do galaxies in zone < 2 show
stronger effects of environment because they have been sub-
jected to that environment for longer on average, but also
because they are much less contaminated by interlopers and
thus the host mass better reflects their true environment.
However, since field galaxies are typically younger and have
higher global sSFR than satellites (cf. Fig. 11), we ex-
pect interlopers to alter the true age/sSFR gradients of
group/cluster galaxies in phase-space (this applies also to
the metallicity gradients in Fig. 12). Nevertheless, within a
single zone, we can expect a fixed interloper fraction, and
thus comparison between galaxy properties at fixed zone is
not affected by this issue. We also note that, although the
varying interloper fraction might alter the gradient with re-
spect to zone, there is little reason to expect this to have a
significant effect on the observed dependencies on host mass.
An example of this comes from the changes in AgeL along
the host mass axis (y-axis) in Figure 8. The changes in this
direction that are seen when switching from the zone < 2
panel to the zone ≥ 5 panel are unlikely to be strongly ef-
fected by interlopers, simply because many interlopers are
field galaxies actually very distant from the group/cluster.
Their properties are not expected to be a strong function of
the mass of a group/cluster that they are projected onto by
chance.
A2 Spread in infall-time within zones
Even in a 3D phase-space diagram, that is free from projec-
tion effects, there is some spread in infall times at a particu-
lar location in phase-space (see for example the left panel of
Fig. 2 from Rhee et al. 2017). This may partly arise due to
the variety of orbital parameters that members of a host may
have (see Section 5.1.1 for an analysis of orbital parameters
in phase-space). However, in a 2D phase-space diagram, pro-
jection effects significantly increase the spread in infall time
at all locations in phase-space.
To highlight this, we have used the simulations and plotted
in Fig. A1 the normalized distribution in Tinf of satellites
belonging to each of the 8 zones and 6 caustic regions defined
in Sect. 3.1. Here, we take into account all simulated satel-
lites and do not apply any cut in stellar mass. We also use
dashed lines to show the 25%, 50% and 75% percentiles of
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Figure A1. The normalized Tinf distributions of simulated satellites residing in environments with 13.7 ≤ log(Mh M⊙) ≤ 15, and
distinguished among zones (left-hand panels) and caustic regions (right-hand panels). The dashed lines indicate, from left to right, the
25%, 50% and 75% percentiles of the Tinf distribution in each zone and caustic region.
the Tinf distribution in each zone and caustic region. As we
move from zone = 1 to zone = 8 in the left-hand plots of Fig.
A1, we see that the peak and percentiles of the distribution
shifts to lower Tinf and the tail towards larger Tinf drops
but does not disappear altogether. For example, in zone 8,
which is characterized by Tinf = 1.42 Gyr and σ(Tinf) = 1.49
Gyr, the contaminant galaxies with Tinf > 4 Gyr amount to
∼6% of all satellites. In the opposite direction, from zone 8
to zone 1, we see the peak of the distributions moving to
higher Tinf , with the tail towards low Tinf progressively de-
creasing. For example, in zone 1 with Tinf = 5.42 Gyr and
σ(Tinf) = 2.51 Gyr, the contaminant satellites with Tinf <
4 Gyr represent ∼34% of the galaxy population.
It is interesting to compare the above distributions with
those obtained using, instead, regions defined via the caus-
tic profiles (as drawn in Fig. 4). The latter are plotted in
the right-hand column of Fig. A1. Overall, the peak and
percentiles of the distribution shifts from ancient infallers
towards recent infallers with increasing curve number, in
a qualitatively similar way as it does with increasing zone
number. However, simply from visually inspecting Fig. 4, it
is clear that we might expect slightly more mixing of infall
times with the caustic curves than with the zones. In the
case of caustic regions, the fraction of contaminants (satel-
lites with Tinf > 4 Gyr) for region 6 is ∼9%, while the frac-
tion of contaminants (satellites with Tinf < 4 Gyr) in region
MNRAS 000, 1–24 (2018)
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1 is ∼39%, slightly higher than what derived for zones 8
and 1. We thus gather that our newly-defined set of zones in
projected phase-space not only separates regions of different
Tinf in a cleaner way than caustic profiles, but also slightly
reduces the spread in Tinf within a zone (see also Table 1).
None the less, the effect is not as pronounced as it might ap-
pear when comparing the two panels in Fig. 4. For example,
caustic region 1 clearly cuts across regions with quite widely
differing infall time. The reason this does not cause a more
significant change in the distribution of infall times is be-
cause the number density of galaxies is non-uniform across
the plot, and quite low where the most differing infall times
are located.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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